Case report In the presented case, an isolated vastus lateralis tendon tear resulted in a negative pennation angle of the distal muscle fibers acting paradoxical to the physiological direction of the proximal muscle fibers. This observation makes the value of an in situ repair of a far retracted tendon tear with interposition of a graft questionable and emphasizes early over late anatomic surgical restoration of the muscle architecture after tendon tears.
Introduction
Tendon tears are a common injury and may lead to pain and loss of function, with corresponding musculotendinous retraction and atrophy due to disuse. As a consequence of tears of a functional subunit of a muscle, it may intuitively be expected that the affected part of the muscle retracts actively in a physiological fashion until possible scarring or healing of the torn tendon part allows for recovery of at least partial function. Here, we present a case in which gross and paradoxical alteration of the muscle architecture resulted in a hitherto undescribed negative (inverted) muscle fiber pennation angle. These changes make such recovery impossible and may help in understanding and decision making regarding treatment of comparable tendon tears. In pennate muscles, the pennation angle is defined as the angle between the muscle fibers and line of muscle action. With muscle contraction, the tendon moves toward the muscle, and the shortened and thickened fibers become arranged at a larger angle. The force-length relationship changes and might have a potential effect on muscle function [16] . With an increasing pennation angle, the effectiveness of each fiber to pull the tendon in the desired direction decreases with the cosine of that angle and reaches zero at 90° [12] . Therefore, an angle of 90°and more seems impossible to develop even with a complete tendon tear, which has to our knowledge not been seen or described before and makes this case so interesting to observe.
Case report
A 35-year-old construction worker suffered a direct trauma during work from a hammer onto the anterolateral thigh, few centimeters proximal to the patella. At a regional hospital, the clinical diagnosis of a tear of the vastus lateralis portion from the quadriceps femoris tendon was made, with direct avulsion from the patella. An attempt for direct open repair of the tendon using sutures directly at the upper pole of the patella was made within a month. However, despite partial weight bearing, pain with subjectively pain-related weakness persisted and an MRI of both thighs was performed 9 months after the attempted repair (Fig. 1) . Here, the clinical diagnosis of a tear of the distal vastus lateralis tendon is confirmed with a strong alteration of the corresponding musculotendinous unit, characterized by a massive increase in the muscle fiber pennation angle within the affected muscle. This pennation angle increase was so far progressed that an inversion of the muscle pennation in the more distal portion of the retracted muscle was present. Thereafter, the patient was referred to our clinic 1 year later and still complained of persistent pain, subjective cramping of the thigh, and weakness for left knee extension. Clinically, there was a marked atrophy of the quadriceps femoris with, however, full range of motion and no extension lag. We decided to continue with physical therapy and conservative treatment due to the elapsed time since trauma. In the meantime, the patient lost his work and was applying for permanent workers compensation for the described condition, which he received thereafter. Due to continuing pain, an MRI of both thighs was repeated one and a half years after the first MRI (Fig. 2) , showing a persistently altered muscle architecture and a 5-cm scar between the retracted tendon end and the patella. The area of altered muscle architecture is 10-21 cm proximal to the patella. As the patient continued to complain from pain with an objective gap in the vastus lateralis tendon, it was decided to plastically reconstruct the gap with a fascia lata interposition plasty 2 years after the initial trauma. During that operation, it was noted that re-lengthening of the muscle seemed not possible, and a mere in situ repair with filling of the gap was performed using the transplanted fascia lata. Unfortunately, the patient did subjectively not benefit from this intervention regarding pain and limping at 1-year followup and had to continue to receive workers compensation.
Discussion
The most important finding of the present case report was the paradoxical alteration of the muscle architecture caused by chronic retraction after tear of the distal vastus lateralis tendon resulting in a hitherto undescribed negative (inverted) muscle fiber pennation angle.
Tendons may extend far into the muscle, where they are termed ''central tendon.'' The central muscle tendon is a typical feature of pennate muscle and is a prerequisite for the synergistic action of the parallel-arranged muscle fibers. With physiological contraction, muscle fibers increase their diameter and shorten. The pennation angle is increased in the contracted muscle, which allows the contracted, shortened, and thickened fibers to find space next to each other [1, 15] . The opposite effect occurs in hypertrophic muscle such as in bodybuilders, where the hypertrophy of the fibers forces them into an increased pennation angle [1, 11] or in atrophied muscle, where the pennation angle is decreased [2] . In case of a chronic tendon tear, however, the fibers suffer from atrophy and shortening (Fig. 3) and with the pathologically increased pennation angle, large gap spaces are opened between the fibers, which are filled with fat and scar tissue [13] . This fat is along with the increased pennation angle considered a secondary sign of long-standing Fig. 2 Sagittal section through the affected thigh one and a half years after the first attempted repair. Distal, there is the scar above the patella with the retracted tendon end (one arrow) and proximal, the still altered musculature (two arrows) tendon tears [6, 8, 10] . Then, repair may not be possible anymore due to the stiffness and shortening of the musculotendinous unit, which is radiologically and histologically seen as atrophy and fatty infiltration [9, 13] . In a sheep model for chronic tendon tears, it could be shown that proper repair may already be severely compromised 3-6 month after a complete tendon tear [4, 5, 7] .
In the presented case, an isolated vastus lateralis tendon tear has occurred. With the massive contraction and chronic shortening of the proximal muscle fibers, the central tendon underwent far more proximal displacement than it could actively have been caused by the local muscle fibers. As the attachment sites of the more distal muscle fibers on bone, fascia, and tendon remain stationary, the ongoing proximalization and most likely accompanying shortening of the central tendon [14] leads to a relative, passive movement of these fiber insertions on the tendon relative to the bone and surrounding muscle fascia by a distance far greater than in active contraction. Here, this results in the observed negative pennation angle. The possible contractile action of the muscle is, of course, paradoxical in this situation; the most proximal fibers will pull into a physiological direction, while the distal fibers pull on the same central tendon into the opposite direction (Fig. 3) . To our knowledge, such a seemingly impossible anatomical arrangement of muscle fibers with a negative pennation angle has not been described previously. The conclusion from this geometrical observation is, that following a displacement of the tendon insertion, not only after tear but also for example after a distalization or proximalization of the tibial tuberosity, the more distal muscle fibers are affected in a different way than the proximal fibers. This effect has also been observed in tears of the rotator cuff, where the more distal parts of the rotator cuff muscles suffer radiologically from more intense fatty infiltration than proximal parts [3] . In future studies, it will be interesting to study not only the geometrical but also neurological aspects of this observation, which may contribute to the more distal fatty changes of muscle following tendon tears. The MRI at follow-up shows that also after 1 year, spontaneous rearrangement of the muscle architecture did not occur (Fig. 2) .
Clinically, we, therefore, conclude that the value of an in situ repair of a far retracted tendon tear with interposition of a graft may be questionable and that early or late anatomic surgical restoration of the muscle architecture is desirable after tendon tears. 
